The ascomycete Sclerotinia sclerotiorum is a plant pathogen with a very broad host range. In order to identify and characterize genes involved in S. sclerotiorum infection of Brassica napus (canola), expressed sequence tags (ESTs) were examined from libraries prepared from three tissues: complex appressorium (infection cushions), mycelia grown on agar and lesions formed on leaves of B. napus. A high proportion of genes (68%) had not been previously reported for S. sclerotiorum in public gene or EST databases. The types of novel genes identified in the infection cushion library highlights the functional specificity of these structures and similarities to appressoria in other fungal pathogens. Quantitative realtime PCR was used to analyse tissue specificity and timing of transcription of genes with best matches to MAS3 (appressoria-associated protein from Magnaporthe grisea), cellobiohydrolase I, oxaloacetate acetylhydrolase, metallothionein, pisatin demethylase, and an unknown gene with orthologs in fungal pathogens but not in saprophytic fungi.
Introduction
The ascomycete Sclerotinia sclerotiorum has a very broad host range, including Brassica species as well as many other crops and weeds, enabling populations to persist and spread easily (Boland & Hall, 1994) . Stem rot caused by this fungus is a serious sporadic threat to production of Brassica napus (canola) worldwide. Genetic diversity studies show that both clonal and sexual recombination contribute to differentiation of S. sclerotiorum populations isolated from Brassica species in North America and Australia (Kohli & Kohn, 1998; Sexton & Howlett, 2004) . Effective and economically feasible disease control measures are lacking, and currently sown canola cultivars have no resistance, although some lines with partial resistance have been identified in China (Zhao & Meng, 2003) .
The infection process of S. sclerotiorum on canola in the field is usually initiated by aerially dispersed ascospores, which germinate on an exogenous source of nutrients such as fallen petals. Infection can also occur directly from myceliogenic germination of sclerotia, provided there is a source of nonliving organic material for saprophytic growth before infection of the plant (Purdy, 1958) . Mycelia grow on the petals before forming simple or complex appressoria, known as infection cushions, on the stem or leaf of the canola plant. Infection cushions are multicellular structures formed via dichotomous branching of a single hypha and terminal swelling of the apex, followed by repeated branching and secretion of adhesive mucilage (Tariq & Jeffries, 1984) . These specialized structures form a tight interface with the host surface, and may allow the secretion of enzymes and toxins in addition to exerting mechanical force, facilitating penetration of the host surface (Jamaux et al., 1995) . Hyphae then colonize the leaf or stem, both inter-and intracellularly and emerge through stomatal apertures. Sclerotinia sclerotiorum produces various polygalacturonases and proteases during infection (reviewed by Hegedus & Rimmer, 2005) , and large water-soaked lesions develop. Sclerotia often form in the plant stem during late stages of infection, and can survive in the soil for many years, before germinating into mycelia or apothecia, thus repeating the disease cycle.
Approaches used in other fungi to identify genes important for the infection process include suppression subtractive hybridization (SSH), which has identified appressorium-expressed genes in the rice blast fungus Magnaporthe grisea (Lu et al., 2005) . Another technique is expressed sequence tag (EST) analysis, for which there has been one report on S. sclerotiorum, where transcripts were sequenced from mycelia grown in liquid cultures containing pectin, and from stem lesions on B. napus (Li et al., 2004) . In this manuscript, we describe EST analysis to identify genes transcribed during three different stages of development and infection in S. sclerotiorum: (i) infection cushions, (ii) mycelia grown on agar, and (iii) lesions formed on leaves of B. napus. We also describe quantitative real-time PCR analysis of the transcription patterns of six of these genes with predicted roles in development and pathogenicity.
Materials and methods

Fungal strain, culturing and infection conditions
Sclerotinia sclerotiorum strain UQ1280, provided by E. Aitken and M. Ekins, University of Queensland, was maintained on 10% V8 juice (Campbells, Lemnos, Australia) agar (2%) pH 6. Infection cushions developed after segments of agar (3-5 mm 2 ) from the growing edge of a colony were transferred onto a sterile Petri dish surface. After incubation in the dark for 24 h, infection cushions were scraped off using a sterile scalpel, and freeze-dried. To obtain S. sclerotiorum mycelia for RNA extraction, cultures were inoculated onto a Petri dish containing a sheet of sterile cellophane placed over water agar (2%) containing chopped leaves of Brassica napus cultivar Surpass 400 (0.2 g mL À1 ).
Mycelia were harvested after 3 days by scraping with a sterile scalpel and were then freeze-dried. To obtain plant tissue infected by S. sclerotiorum, leaves of B. napus cultivar Surpass 400 plants at the six-to eight-leaf stage were placed onto filter paper moistened with sterile water in a large Petri dish. A mycelial agar plug (3 mm diameter) from the edge of a 3-day-old colony on 10% V8 juice agar was placed face down onto the leaf surface, avoiding major veins (Godoy et al., 1990) . The leaves were incubated at room temperature, and lesions were excised at 8, 16, 24 and 48 h postinoculation and freeze-dried. For stem infections, S. sclerotiorum was cultured on twice-autoclaved barley seeds for 4-5 days. An infested barley seed was then taped to the stem on an internode above the first leaf. Lesion lengths were measured after 7 days in a controlled environment (12 h light at 20 1C/12 h dark at 18 1C).
Preparation of cDNA libraries and sequence analysis
Expressed sequence tag libraries were prepared from (i) mycelia grown on water agar containing B. napus leaf material, (ii) infection cushions, and (iii) leaf lesions 48 h postinoculation, prepared as described above. Total RNA was isolated from 100 mg of freeze-dried tissue samples using the RNeasy plant mini-kit (Qiagen, Germantown, MD). First-strand cDNA was synthesized using the SMART PCR cDNA synthesis kit (BD sciences, San José, CA), followed by second strand synthesis. Poly (A 1 ) linkers were ligated to the ends of the double-stranded cDNA and larger fragments were selected for using a size fractionation column (BD Sciences). The cDNA was ligated into the pGem-T easy vector (Promega, Madison, WI), transformed into XL10-Gold ultra-competent Escherichia coli (Stratagene, La Jolla, CA) and selected on media containing ampicillin. Plasmid DNA was amplified using TempliPhi TM (GE Healthcare, Amersham, UK) and used as template for sequencing using BigDye v.3.1 (Applied Biosystems, Foster City, CA). The resulting sequences were annotated by comparison with GenBank databases using BLASTN and BLASTX (Altschul et al., 1997) . Functional categories were assigned based on the closest similarity of the predicted amino-acid sequences to sequences within the Gene Ontology database (Ashburner et al., 2000) .
Quantitative reverse transcriptase PCR
Real-time PCR analyses were performed using a Rotor-Gene 3000 Real Time Thermal Cycler (Corbett Research, Mortlake, Australia) and Quantitect SYBR Green PCR master mix (Qiagen), according to manufacturer's instructions. RNA was DNase-treated and used as a template for oligodT primed cDNA synthesis. Primers (Table 1) were designed across or flanking an intron where possible, by comparing the EST sequences to the available genomic sequence (Sclerotinia sclerotiorum Sequencing Project, Broad Institute, USA). A minimum of three biologically independent samples were used for each tissue/time point, and two technical replicates were performed on every sample. Standard curves were generated for each gene, based on a range from 10 2 to 10 8 copies of gene-specific template. Quantities of each transcript were then compared with an actin reference.
Results and discussion
Identification of genes active during infection cushion and lesion formation A total of 639 ESTs were sequenced from the three cDNA libraries (infection cushions, mycelia grown on water agar, and infected Brassica napus leaves). The three different developmental/infection stages used in our study resulted in 68% of sequences that have not previously been described in Sclerotinia. Only eight ESTs represented genes already listed in the GenBank nr (nonredundant) database, and the other matches were in EST databases, mostly contributed by Li et al. (2004) . The level of redundancy of ESTs between libraries was low, with only six genes in common between all three libraries (Fig. 1) . Of 243 ESTs derived from infected leaves, 156 were categorized as fungal, and 87 as plant genes. Of these, 72% represented unique genes. There were 142 unique genes (from 199 ESTs) from mycelia grown on solid agar, and 123 genes (from 197 ESTs) from infection cushions grown on a sterile plastic surface. A small number of transcripts were represented in more than one library (Fig. 1) .
Putative functions were assigned based on sequence similarity to genes in public databases (Table 2) . When ESTs from all libraries were pooled, a high proportion (22%) exhibited sequence similarity only to genes of unknown function or encoding hypothetical proteins. The infection cushion library had by far the highest proportion of these unknown genes (Fig. 2) , which may reflect the specialization of these structures in Sclerotinia sclerotiorum. To our knowledge this is the first report of transcriptional analysis on this developmental stage in S. sclerotiorum. Several transcripts from infection cushions were similar to genes (MAS1, MAS3, UV1-1h GenBank Accession no.s AAF74764.1, AAK52794, AY849695, respectively) expressed in Magnaporthe grisea appressoria (Ebbole et al., 2004; Lu et al., 2005) . This is not surprising, as both infection cushions and simple appressoria are involved in the initial penetration of the host surface. A further 13% of ESTs did not display significant similarity to any known sequences. Transcripts encoding ribosomal proteins were highly represented in mycelia and during infection (a total of 48 different genes were identified), however, ribosomal protein ESTs were less abundant in the library made from infection cushions (Fig. 2) .
Genes with a possible role in detoxification or antioxidation were more common in the infected leaf library than in the other libraries. During infection of the leaf, the fungus might be expected to encounter components of the plant defense response such as the oxidative burst and phytoalexins. The most abundantly represented (18 copies) of these ESTs demonstrated sequence similarity to a metallothionein gene previously characterized in other fungal pathogens including Microsporum canis (Uthman et al., 2002) and M. grisea (Tucker et al., 2004) . The transcription of this gene was investigated in more detail ('Transcriptional analysis by quantitative RT-PCR').
Other abundantly represented transcripts in the libraries included CipC, a gene of unknown function (17 ESTs). This gene was described previously by Li et al. (2004) , who found it was more abundant in a library derived from B. napus stems infected by S. sclerotiorum, than in a S. sclerotiorum cDNA library derived from cultures grown on pectin. This is similar to our findings, where CipC was more abundant in the leaf lesion library than in libraries where the fungus was grown in vitro. Only eight of all the genes identified in our study were in common with the 52 EST-derived genes from infected stems by Li et al. (2004) . Three of these were found only in the infected plant tissue libraries (but not in vitro tissue libraries) in both studies: a malate dehydrogenase homolog (Accession nos. DV643662/ZY938R), and two genes with no homologs (DV643400/ZY940R and DV643606/ZY619R) and unknown function. It is difficult to compare the two studies directly as different isolates, cultivars, inoculation methods and developmental stages were used. Furthermore, we performed detailed analyses of transcription of particular genes, using real-time PCR to determine transcript levels in tissues and stages of infection additional to the tissue from which the ESTs were identified, whereas Li et al. (2004) performed a comprehensive EST identification only.
Many genes with potential roles in the infection process were identified in our study, including genes encoding plant cell wall-degrading enzymes (Table 2) . Several ESTs The protein with greatest similarity in the GenBank nr database, given by the E value in the last column, and the species from which the protein is derived are listed. Genes that were investigated further are highlighted Ã Ã EST no. G0701C (GenBank Accession no. DV643534) was also investigated further, but is not included in Table 2 because it did not display homology to proteins of known function.
w Ribosomal proteins and hypothetical proteins are not included in this list. Fig. 2 . Functional classification of Sclerotinia sclerotiorum expressed sequence tags from libraries derived from mycelia ('), leaf lesions (&), and infection cushions ( ), based on predicted amino-acid sequence similarity to previously annotated genes, and functional categories of the Gene Ontology database (Ashburner et al., 2000) .
identified in the infection cushion library displayed similarity to genes of the aflatoxin biosynthetic pathway in Aspergillus species, along with a potential aflatoxin efflux pump ortholog (Table 2) . Also of interest was a potential ortholog of the pH signaling pathway gene, palH, from Aspergillus nidulans (Negrete-Urtasun et al., 1999). Modulation of pH during infection, involving the secretion of oxalic acid, is an important mechanism in S. sclerotiorum for regulating the sequential expression of pathogenicity factors such as polygalacturonases (Cotton et al., 2003; Rollins, 2003) . In other fungi, oxalic acid is produced from oxaloacetate in a reaction catalysed by oxaloacetate acetylhydrolase. We identified a gene with 92% amino-acid identity (E = 1e À135 ) to oxaloacetate acetylhydrolase of Botrytis fuckeliana (GenBank accession no. AAS99938) in the infection cushion library, and its transcription was further investigated ('Transcriptional analysis by quantitative RT-PCR'). In addition to fungal genes transcribed during the infection process, analysis of the leaf lesion EST library revealed transcriptional activity of plant genes that may be associated with the defense response to fungal attack. These included enzymes for degrading fungal cell wall components, such as endochitinase (Table 3) . Transcripts of a Brassica gene with similarity to barley Mlo1 resistance gene against powdery mildew were also identified, along with potential orthologs of pathogen-induced genes from closely related plant species.
Transcriptional analysis by quantitative RT-PCR
Transcription patterns of several genes identified in the EST libraries were analysed at various stages of infection of B. napus. A gene with similarity (36% amino-acid identity, E = 3e À22 ) to MAS3 (also known as ASG1 and GAS1, GenBank accession no. AAK52794; Xue et al., 2002) , associated with appressoria in the rice blast pathogen M. grisea, was represented 27 times in the S. sclerotiorum infection cushion library. Another gene associated with appressoria, MAS1, was present five times in the same library, and PCR confirmed its induction in infection cushions (data not shown). Real-time PCR analysis showed that transcription of MAS3 in S. sclerotiorum is specific to infection cushion development, both in vitro and in the early stages (8 h postinoculation) of infection of B. napus leaves (Fig. 3a) . A consistent trend in transcriptional induction was observed among independent samples, although the absolute amount of transcript varied between three independent experiments. At 8 h postinoculation, hyphae from the inoculum are just beginning to contact the leaf surface and differentiate into infection cushions. By 16 h postinoculation, when infection cushions have matured and lesions are spreading, MAS3 is expressed at much lower levels (Fig. 3a) . A similar gene is expressed in specific structures for pathogenesis in the nematode trapping fungus Monacrosporium haptotylum (Ahren et al., 2005) . Further investigation of the role of this gene during infection cushion development and the initiation of host penetration would be of interest.
A gene similar to pisatin demethylase (Cytochrome P450 57A1) from plant pathogen Nectria haematococca (GenBank accession no. AAC01762.1, Maloney & VanEtten, 1994) was also identified from the infection cushion library, but was expressed at more than a 100-fold lower level than MAS3 (Fig. 3b) . Pisatin demethylase enzymes are a specialized family of cytochrome P450s, which are distinct from other known cytochrome P450s, based on amino acid sequence, substrate specificity and activity. Pisatin demethylase detoxifies the phytoalexin pisatin from pea (Pisum sativum) (George & VanEtten, 2001) . Quantitative PCR showed that this gene is expressed at low levels compared with actin and four other genes tested. Transcript levels were variable amongst the three independent experiments, but appeared higher in infection cushions and during stem lesion formation than during mycelia growth in vitro. It is unclear what role this gene would have during infection of B. napus, as this plant produces indole phytoalexins, whereas pisatin has an isoflavanoid structure. Whether expression of this S. sclerotiorum gene is induced during pathogenesis on pisatin-producing hosts such as pea, is unknown.
Transcription of a putative oxaloacetate acetylhydrolase gene (described in 'Identification of genes active during infection cushion and lesion formation') was analysed. Sclerotinia produces high amounts of oxalic acid, and effects of this compound on the host plant have been reviewed by Hegedus & Rimmer (2005) . Oxalic acid suppresses the oxidative burst on host plants such as bean species and tobacco (Cessna et al., 2000) , and deregulates guard cellcontrolled stomatal closure (Guimaraes & Stotz, 2004) . Culturing of B. napus lines on oxalic acid has been used to select for improved S. sclerotiorum resistance . High levels of oxaloacetate acetylhydrolase transcripts were detected during vegetative growth, infection cushion development, and leaf and stem infection (Fig. 3c) . Godoy et al. (1990) created S. sclerotiorum mutants deficient in oxalic acid production, and these grew more slowly than wild type and failed to produce sclerotia, consistent with a role for oxalic acid during vegetative growth. Our results are also consistent with studies that showed that millimolar amounts of oxalic acid accumulate in leaves of S. sclerotiorum-infested Vicia faba (Guimaraes & Stotz, 2004) . These findings all suggest that S. sclerotiorum produces large amounts of oxalic acid during vegetative growth and infection, in order to regulate developmental processes.
The most abundant EST in the leaf lesion library was similar (57% amino-acid identity) to a metallothionein of 23 amino acids from dermatophyte ascomycete Microsporum canis (Uthman et al., 2002) . Quantitative PCR demonstrated that the gene is transcriptionally active at a relatively high level in S. sclerotiorum infection cushions (about twofold higher than in mycelia) and during infection of leaves and stems (Fig. 3d) . Seven amino acids of this metallothionein are identical to a those of a metallothionein essential for appressorium-mediated cuticle penetration in M. grisea (Tucker et al., 2004) . The 23 amino acid metallothionein of M. canis is induced by copper and downregulated by the fungicide fluconazole, and may be involved in reducing copper toxicity (Uthman et al., 2002) . A singleton EST from the leaf lesion library, with 73% identity (over 266 amino acids) to cellobiohydrolase I from Thermoascus aurantiacus (Hong et al., 2003) was analysed. Real-time PCR analyses showed that this gene (CBHI) became active as infection of leaves progressed and host tissue was invaded. In contrast to other genes analysed, the highest level of transcription of CBHI occurred during stem lesion formation (Fig. 3e) .
Most ESTs demonstrated at least some degree of similarity to genes from nonpathogenic fungi such Neurospora crassa, Aspergillus nidulans and Saccharomyces cerevisiae whose complete genome sequences are available. One exception was EST G0701C, whose predicted amino acid sequence showed a high degree of similarity to hypothetical proteins in Gibberella zeae (E = 1e À38 ) and M. grisea (E = 1e À29 ). The only other match was to an EST from the closely related pathogen Botrytis cinerea (82% identity at the nucleotide level). Transcription of the S. sclerotiorum gene was investigated using real-time PCR, which confirmed that the gene is transcribed during the infection process, and is also expressed at a low level during mycelial growth (Fig. 3f) . The function of this gene remains unknown.
Concluding remarks
Despite the broad host range and potential for large agricultural losses caused by Sclerotinia sclerotiorum, relatively little is known about this fungus at the transcriptome level. Comparing ESTs from infected leaf tissue and from the specialized infection cushion structures of this fungus, along with mycelial ESTs has allowed us to elucidate some of the differences between these stages of infection. Real-time PCR revealed in more detail the differing transcription patterns of six genes active at various stages of the infection process. The infection cushion stage is of particular interest for further studies, as a large number of genes expressed in these initial infection structures are unique, or have homology to genes of known or unknown function from appressoria in other fungal plant pathogens. The availability of microarrays will greatly aid our understanding of the regulation of such genes and mechanisms of pathogenicity in S. sclerotiorum.
